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INTRODUCTION
Kojic acid (KAH), 5-hydroxy-2-(hydroxymethyl)-4H-pyran-4-one, is an organic acid that was first isolated by Saito in 1907 from mycelia of Aspergillus oryzae. 1 KAH has shown to be an effective metal chelator, forming complexes with metal ions, 2 such as, copper, 3 iron 4 and aluminum. 5 Other metals including magnesium and manganese, 6 nickel and zinc, 7 organometallic compounds 8 and cadmium 9 have also been studied in complexes involving KAH. Cooper-chelating property is probably the main factor related to KAH ability to suppress isolated tyrosinase activity, which is a coppercontaining enzyme. 10 In addition, KAH can prevent the conversion of the o-quinones of DL-DOPA to melanin. 11 Based on these properties, it has been used as a food additive to prevent enzymatic browning 12 and also employed as skin lightening agent in cosmetics because of its excellent whitening properties. 13 Cosmetic preparations based on the association of KAH and hydroquinone have been employed for skin lightening treatments. The quantification of KAH in this type of cosmetics by the use of electronic espectroscopy is considered a challenge. This fact is related to the overlapping of the absorbing bands of KAH and hydroquinone. To overcome this problem, we recently developed a UV method based on KAH aluminium complexation. 14 This approach provides the displacement of the absorbing bands, which gives a more selective analytical method for KAH measurement. Thus, it was considered important to study the complex structures involved in KAH and aluminium complexation, as well as to understand electronic phenomena related to the differences found between the noncomplexed and complexed UV spectra.
Aluminium (III) is one of the most common Lewis acids and has been used for the formation of innumerous coordination compounds. The coordination modes of aluminum span the gamut of structural motifs from low three-coordinate (trigonal planar and T-shaped) and normal four-coordinate (tetrahedral) to high fivecoordinate (trigonal bipyramidal and square pyramidal) and sixcoordinate (octahedral) complexes. 15 Aluminium (III) complexes with pyromeconic acid, kojic acid and maltol were investigated because of their neurological properties. 16 The Al 3+ forms a series of highly stable Al 3+ L n 3-n complexes (n=1-3) with kojic acid 17 Even though some of the mentioned studies provided both spectrophotometric experiments and quantum mechanical calculations, a detailed correlation between quantum mechanical calculations and experimental data of KAH aluminum complexes is still uncovered. Theoretical studies with noncomplexed kojic acid and analogues are established in literature [18] [19] [20] [21] [22] and the complexes from KAH and vanadium 23 by electron paramagnetic resonance (EPR) spectroscopy, pH-potentiometry and density functional theory DFT methods.
The present work contributes to the structural elucidation of KAH:Al 3+ complexes through complementary techniques, namely, potentiometric titration, electron spectroscopy, spectrophotometric UV titrations, 13 C NMR and FTIR. In addition, calculations based on quantum mechanics were utilized to understand the differences found in the noncomplexed and complexed KAH electronic spectra. 
EXPERIMENTAL

Data treatment
For the potentiometric titration data, the first protonation constant of KA was taken from the literature 7 and from this present investigation. The species distribution curves were drawn using the HYSS program, 8 BEST7 7 microcomputer software was used to calculate the protonation and the overall formation constants for the complexed species found higher than 10% of all metal species present at equilibrium. The calculations proceeded until the simulated curve best fit the experimental data. The HYSS (Hyperquad simulation and speciation) program calculated the species distribution diagrams using previously calculated potentiometric titration data as the input.
Potentiometry and spectrophotometry
Spectrophotometric measurements were conducted using an UV/Vis Agilent 8453E spectrophotometer and an UV/Vis Shimadzu 1601PC, both with a 1 cm path length quartz cuvette. Potentiometric titrations were performed with an automatic Titrando 805E potentiometric titrator (METROHM) under inert atmosphere of aqueous KOH saturated nitrogen (White-Martins, Brazil) in a water-jacketed vessel maintained at 25.0 ± 0.1 ºC (Thermostated bath: MQBTC 99-20, Microquímica, Brazil). The pKw used was 13.78 at 25.0 ± 0.1 ºC. The titrant was a CO 2 -free aqueous solution of standard KOH (Merck, Germany, 0.1 mol L -1 , 0.02 mL ± 0.01), and pH values were directly saved and manipulated using TIAMO (METROHM), BEST7 7 and HYSS 8 software. The concentration of aluminum was determined using an AA-220 FS Varian Atomic Absorption Spectrophotometer and aqueous aluminum ion standards in nitric acid. Speciation distribution diagrams were obtained using HYSS. 8 Potentiometric and spectrophotometric titrations were carried out with 0.1 mmol of KAH and with 0.00, 0.03, 0.05 and 0.1 mmol Al 3+ solutions. Constant increments of titrant volume (0.10 ± 0.02 mL, standardized 0.1 mol L -1 KOH) were added to the system and it was adjusted to a 0.100 mol L -1 constant ionic strength (I). The corresponding pH was read and plotted to calculate the protonation values and binding constants of the systems. Each titration was performed in triplicate.
Infrared spectroscopy
The IR spectra of solid KAH and the KAH:Al 3+ complexes were recorded on a MB 100 Bomem FTIR Spectrometer using a DTGS detector. For the final KBr pellets (99% m/m, 1% m/m sample), 64 scans between 400 and 4000 cm -1 were performed. Standard KAH aqueous solutions (1.06x10 -4 mol L -1 ) at pH 3, 7, 9 and 14 and KAH acidic solutions 0.2 % aluminum chloride (molar ratio KA 1:1 Al 3+ ) at pH 1, 3, 5, 8, 11 and 14 were freeze-dried. The adjustment to basic pH was performed using 0.1 mol L -1 KOH. All samples were prepared as KBr pellets. IR spectra were collected for KAH as received, and after being dissolved in water and lyophilized. These physical operations were performed for all complexes assayed by IR to confirm that no significant differences were observed between the samples and the standard. 
C NMR
Theoretical calculations
The minimum energy geometry of kojic acid and possible Al 3+ coordination complexes, formed at different pH, proposed from experimental data, were minimized and optimized considering implicitly the presence of methanol as solvent using the Integral Equation Formalism variant of the Polarizable Continuum Model (IEFPCM). 17 These calculations were performed using Gaussian 09, 18 using the B3LYP hybrid functional, 19 based on Density Functional Theory (DFT), 20 and the 6-31G (d,p) atomic basis sets. The absence of negative frequencies in the vibrational frequencies calculated using DFT at the B3LYP/6-31G(d,p) level ensure that the optimized structures are representative of global minimum energy. The theoretical vibrational spectra of KAH and KA-were compared to experimental data. The electronic spectrum was also simulated for KAH, its anionic form and some representative complexes, simulating the solvation in methanol (IEFPCM), 17 using the time dependent approach of DFT, and compared to the experimental absorption spectra. The representation of the electronic and vibrational spectra was obtained using the software GaussView. 21 The electronic spectra were calculated using the approach of the time-dependent density functional theory (TDDFT), the same functional hybrid previously mentioned, and the set of atomic bases 6-311++g (2d,p).
The estimating of Gibbs free energy and other thermodynamic parameters for the optimized species were performed with the semiempirical method PM6 (Ampac).
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RESULTS AND DISCUSSION
Potentiometric titration
The complexed species, with the overall stability constants (log β) associated with the equilibrium in this paper, can be represented using some examples of the generic equations below, where M is the metal ion Al 3+ , HL is the protonated ligand KAH, and L is the deprotonated ligand KA.
A potentiometric titration profile of KA provides a sharp inflection ( Figure 1 ). The continuous line represents the calculated titration and the sequence of squares represents the experimental titration with the confidence interval calculated using the chi-square test. The calculation was terminated when the best overlap between the curves was reached and the error did not decrease any further.
Based on the presence of two isosbestic points in the UV titration of KAH alone and to verify the probable existence of another inflection in the potentiometric profile, the second derivative of these data was calculate ( Figure 1 ). It was found that there is only one point where the second derivative crosses zero at the maximum variation of the two axes. By looking at this Figure, it is certain that, under the experimental conditions employed, KAH has only one deprotonation, leading to one deprotonation constant value (pKa = 7.68 ± 0.02, 25.0ºC, I= 0.100 mol L -1 KCl), in agreement with other values reported in the literature. [1] [2] [3] [4] [5] Through the pH variation, in different KAH solutions, it was possible observe a significant change in UV spectra. The two isosbestic points were found at 240 and 290 nm, the first was assigned to the KAH deprotonation and the second is most likely due to an interconversion of the hydrolyzed species, not determined in this study. The deprotonation of kojic acid, which potentially has two dissociable protons, is more probable from the hydroxyl group that is directly bound to the pyran ring. with a ligand-to-metal ratio of 1:1. The continuous line represents the calculated profile and the sequence of squares represents the experimental profile with a confidence interval, calculated using the chi-square test. Based on the one deprotonation model and, with the experimental potentiometric titration values from all experiments, the hydrolysis constants, knowing that H-x is x mols of OH-, are: AlH -1 (-5 23 and all stoichiometric quantities of all reagents were calculated. The BEST7 7 and HYSS 8 programs were used to calculate the binding constants and the species distribution diagrams of all systems studied (ligand-to-metal ratios: 1:1, 1:0.5 and 1:0.3). The greater the agreement between the calculated and experimental curves, the smaller the standard deviation and the more precise the calculated binding constant values.
The species distribution diagram obtained taken the total metal ion concentration as 100%, for KAH and Al 3+ in the 1:1 ligand-to-metal ion ratio demonstrates the formation of complexes early from pH 2 to 12, even in the presence of hydrolytic aluminum species found at pHs higher than 7. According to the same species distribution diagram (Figure not shown) (Table 1 ). The complex species [(KA) 3 AlH] + was reported in the literature and detected by mass spectrometry. 9 This complex was also found in the present study and represents 25% of all the species present in the equilibrium at pH 8.5 and higher than 10%. Likewise, the [(KA) 2 Al] + complex species is in its highest proportion at pH 8. The main, potentiometric and NMR, results are in accordance with those found by Toso et al. 24 According to , which must exist at pH < pKa, but probably in concentration lower than 10%, threshold to potentiometric calibration.
The UV spectra of KA -in the presence of aluminum ions were monitored at various molar ligand-to-metal ratios (1:1, 1:0.5 and 1:0.3) and at different pH values. Above pH 6, all of the studied systems formed insoluble products, preventing any reliable measurement. From pH 2 to 6, the KA UV spectrum showed absorption maxima at 215 and 269 nm. After the addition of the Al 3+ acidic solution, the band at 215 nm remained constant, but the band at 269 nm was displaced to 305 nm as the pH increased. These results are consistent with the formation of complexed species in the solutions tested.
Infrared
The IR spectroscopy is the most widely used technique for the analysis of metal carbonyl complexes. 10 This is because the characteristic frequencies of the carbonyl bond can be seen even in qualitative studies, especially for the metal-carbon π bond carbonyl and the C-O bond.
The band assignments for the absorptions of standard KA, in the absence and presence of aluminum ion, can be seen in Tables 2  and 3 , respectively. The theoretical frequencies were corrected using the scaling factor recommended for calculations using B3LYP and 6-31G(d,p). and do not appear in chelates, indicating a linkage with the metal involving this group. The main KA IR bands are in accordance with those found in the literature. [12] [13] [14] 25 The regions that significantly changed were 700-800 cm -1 , 1100-1050 cm -1 and 1300-1700 cm -1 for all complexes obtained at pHs higher than 3. The first two regions were used to observe the effect of complexation on the alcohol groups (-C-OH and -C=C-OH), whereas the last region was useful for studying the carbonyl group. Comparing the spectral profile of non-complexed (Table 2 ) and 1:1 complexed (Table 3) KA, it is possible to observe the differences in all IR spectral ranges. The most significant peaks and assignments monitored included: the primary alcohol at 1070 cm -1 , phenolic OH at 1150 to 1200 cm -1 , intramolecular hydrogen bonds at 3050 to 3100 cm -1 , which were absent in the complexes' spectra, and carbonyl groups at 1660 cm -1 . In general, only the non-complexed KA shows a v(C=O) stretching frequency near 1770 cm -1 . Both bands near 1600 cm -1 , assigned to the v(C=O) and v(C=C) stretching frequency, undergo a complexation-promoted bathochromic shift. 12 These data strongly support the theory that KA is coordinated to the aluminum ion through the oxygen atom of the -OH (enolic) group, forming a five-membered chelate.
In accordance with the NMR experimental data obtained, it is very likely that the metal is complexed through the carbonyl (C-4) and hydroxyl enol (C-5) of KAH. This is supported by the spectral differences observed starting around pH 3. All main important absorption bands monitored showed significant differences, especially the intramolecular hydrogen bonds, which completely disappeared when KA was in the presence of Al 3+ above pH 3. Additionally, the absorptions around 1430 cm -1 (CH2-CO-) and 1390 cm -1 (CO stretch) of all of the studied spectra showed very significant changes. These changes also help to explain that the complexed KA molecules vibrate differently than KAH alone. These changes in vibration strongly support the intense spectral modification that was observed when KA binds to aluminum. At pH less than 1, significant differences between the spectra of complexed and non-complexed KAH were not observed. Above pH 8, it was not possible to establish spectral differentiation due to the formation of hydrolytic insoluble species as well as aluminates in the Al 3+ systems, which prevented further assessments. In general, the IR results indicated that all complexes studied at pHs higher than 3 were gels and very hygroscopic. Below pH 3, the spectra presented the same profile as KA alone. All IR spectra above pH 3 showed broader bands around 3600 and 2700 cm -1 , thus, complexation must start above pH 3.
NMR
To establish which chemical groups of the KA molecule are involved in the complexation with the aluminum, tests were performed using 13 C NMR. First, KAH was analyzed at different pH values (4.0, 7.0 and 11.0) using 13 C NMR to evaluate the effect of the hydroxyl group ionization on the carbon chemical shifts ( Figure 5 ). Carbons assigned as 2, 4 (Table 4 and Figure 3 ). As the pH varies, C2 is shielded. C4 and C5 are strongly deshielded due to the resonance effect, mainly from C5, which is directly linked to the enolic hydroxyl. The chemicals shifts seen here are very similar to those found by Kingsbury et al. 15 Figure 4 (A) shows a possible resonance model of KA before (A) and after (B) losing a proton.
Similarly, tests were performed with the 1:1 KA:Al 3+ molar ratio solution (chemical shifts in Table 5 ), but only in the acidic range (pH 2 and 4) because of the formation of insoluble aluminum products at pHs higher than 8.
At pH 2, KAH and Al 3+ were not completely complexed, because there are two groups of signals with significant shifts for each carbon. The first group was practically coincident with the non-complexed KA values. Considering only the chemical shifts from the complexation, there were no significant differences between pH 2 and 4. Comparing, at the same pH, the chemical shifts obtained for KAH and Al 3+ in the 1:1 KA:Al 3+ molar ratio, a variation in the chemical shifts was more evident for carbons 2, 3, 4 and 5 as described in Table 6 .
The upfield shift of the signal observed for C3 can be attributed to an increase in the electronic traffic. The downfield shift of the C2 signal is due to charge division and to lower electronic protection because of the double bond when complexed. C4 undergoes the lowest downfield shift, probably because the ketone chemical shift is already high. C5 undergoes the highest downfield shift. This large shift is because C5 is directly connected to the oxygen atom that is bonded to the metal ion, which, in turn, attracts electrons to itself, thus presenting less electronic charge to protect carbon C5. Figure 4 (B) shows a possible resonance model of KA before and after losing a proton in the complex formation. Using nuclear magnetic resonance for experiments on KA hydrogens, the disappearance of the complexation peak corresponding to enolic hydroxyl can be observed and a shift of two hydrogens to a lower field can be attributed to the involvement of carbonyl C4 and C5 of the enolic group. 12 According to Peana et al., 26 the trivalent aluminium mainly forms dinuclear helicate complexes of M2L3 stoichiometry, and its coordination involves the two hydroxypyrone oxygen donor atoms. NMR results give evidence of a rigid and symmetric structure of L9-Al III complexes up to physiological pH.
Molecular modelling
Complexation structures proposed have the binding site composed mainly of oxygen atoms of C4 and C5. The most probable coordination configuration of the copper complex is either tetrahedral or planar, while the divalent nickel, cobalt, iron, and manganese complexes are tetrahedral. 16 According to Singh et al., 27 the preferred geometries for the kojate complexes are tetrahedral for Mn (II), Zn (II), Cd (II), Hg (II), trans square planar for Co (II), cis square planar for Ni (II) and Cu (II).
Theoretical calculations
The vibrational frequencies did not present any negative frequency for optimized structures, being representative of species presenting the minimal global energy. Gibbs free energy (DGF) estimative and other thermodynamic parameters (not shown) for the formation of the mentioned species suggest that all complexes optimized were thermodynamically stable (see Table 1 ).
Electronic spectroscopy
The UV spectrum of KAH in methanolic solution presents maximum absorption bands at 215 and 269 nm. The peak values predicted by TDDFT calculation showed good agreement, being respectively 219 and 261 nm ( Figure 5(A) ).
With the addition of an acidic AlCl 3 solution, a new band appears near 305 nm ( Figure 5(B) ). KAH/Al 3+ coordination likely occurs at the non-bonding electrons located at the KAH enolic hydroxyl group and/or at the carbonyl group. KAH or acidic solutions of AlCl 3 alone do not absorb at 300 nm, significantly. Thus, the appearance of a new absorption band can be explained by the formation of KAH-aluminum complexes. At pH lower than pKa, the most abundant species, according to the speciation diagram, are [(AK) 3 AlH 2 ] +2 (around 37 % at pH=5) and [(AK) 2 AlH] +2 (around 57 %, at pH=5). In addition, the presence of the [(AK) 2 Al] 3+ complex is also expected in a proportion lower than 6% at pH=5. In the simulated spectrum for pH=5 where a mixture of the above-mentioned species is predicted, a reasonable correlation to the experimental spectrum shown in Figure 5 (A) is observed, for pH lower than pKa. The appearance a fairly intense band (e = 12000 L mol -1 cm -1
) at 300 nm in the simulated spectrum and the shoulder at 225, which is probably related to the band at 215 of the experimental spectra.
In the experimental electronic spectra of kojic acid ( Figure 5(A) ), the bands with peaks at 215 nm and 269 nm, respectively, has been attributed to π → π* transition in the free ligands, according to the analysis of molecular orbitals involved in these transitions. For the simulated spectrum of non-protonated kojic acid ( Figure 5(B) ) these transitions appear respectively at 219 and 261 nm, with oscillator strengths compatible with π → π* transitions (respectively 0.3326 and 0.1369), and involve in the first case the linear combination of three superpositions of molecular orbitals: HOMO-2 → LUMO, HOMO-2 → LUMO+1 and HOMO → LUMO, being the first and the third with the major weigth (0.522 and 0.406)
The transition at 261 nm involves the linear combination of two superpositions of molecular orbitals: HOMO-2 → LUMO+1 and HOMO → LUMO, being the first and the second with the major weigth (0.678).
As can be seen by the analysis of the superpositions of molecular orbitals showed in Figure 6 (HOMO-2 → LUMO and HOMO → LUMO), both transitions involve a p orbital of the hydroxyl group and the π system of pyran ring. Additionally, the superposition HOMO → LUMO+1 that appears in the transition at 219 nm involves the charge transfer from p orbital of carbonyl group to pyran ring, and suggests the participation of the carbonyl group of the transition at 215 nm. The band characterized by this transition shifts to longer wavelength on complexation, showing the involvement of the C=O group in complexation. 12 For example, the complex [(KA) 3 AlH 2 ] 2+ , whose geometry optimized structure is shown below.
Although the simulated electronic spectrum appears to be slightly different than the presented by kojic acid itself, with a significant 6-311++g (2d,p) number of intense electronic transitions, what stands out are those occurring at 232 and 272 nm, confirming the expected red shift of the characteristic bands ( Figure 7 ). Both bands in the spectrum correspond to π → π* transitions where transition probabilities are partially compromised (f=0.0546 for transition at 232 nm), because the transition occurs between ligands, partially prevented by symmetry.
The most representative orbital molecular superposition (HOMO → LUMO+4), regarding the transition that occurs at 232 nm, is characterized by a charge transfer π from KA system bonding (anion) to the KAH bonding system π* (KA neutral form).
CONCLUSION
Comparisons between IR spectra of KA complexed and not complexed, at different pH values, allowed us to correlate the changes in the absorption of enol and carbonyl groups while in the absence and in the presence of Al3+ in aqueous solutions.
After collection of the data for species distribution, obtained using potentiometric titration data, it was found that kojic acid complexes to the aluminum ion in different ways depending on their molar ratio. The complexation is also dependent on the pH range, which can result in complexes that are very different from each other.
Analyzing the chemical shifts from 13 C NMR spectra, mainly the shifts of carbon C5, it can be inferred that the complexation suggested by the potentiometric titration and IR spectroscopy are in accordance with the results of NMR data obtained. Some possible complexation structures were suggested for the studied systems described in this paper.
